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(67)  Aparameter calculation part (390) calculates an
adaptive gain coefficient 'k’ for the road surface condi-
tions of the road being traveled upon, on the basis of a
frictional coefficient w and a slip ratio A sent from an ac-
quisition part (310) and a coefficient b’ in a storage part
(380). Subsequently, the parameter calculation part
(390) calculates an adaptive time constant t by which
the stability of traction control can be ensured, on the
basis of the gain coefficient ’k’ and a coefficient 'a’ within
the storage part (380). Along with the calculated gain

TRACTION CONTROL DEVICE, AND TRACTION CONTROL METHOD

coefficient ’k’ being set in a gain multiplication part (370),
the calculated time constant t is set in a filter part (360).
According to these settings, model following control is
executed by taking, as a reference model, an adhesion
model in which driving wheel does not slip. As a result,
itis possible to enhance the slip prevention performance
while ensuring control stability, and also possible to im-
plement stable traveling while ensuring the required drive
force in accordance with the road surface state.
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Description
TECHNICAL FIELD

[0001] The presentinvention relates to a traction control device, to a traction control method and to a traction control
program, and to a recording medium upon which that traction control program is recorded.

BACKGROUND ART

[0002] From the past, various types of technique related to traction control have been proposed, in order to prevent
the tires of a moving body such as a four wheeled vehicle that has driving wheels or the like from going into the freely
spinning rotational state. As one such proposed technique, a technique has been proposed that controls the torque so
as to prevent increase of the slip ratio during traveling by employing a technique of model following control (refer to
Patent Document #1 (and in particular to Fig.12 thereof and the description related thereto), hereinafter termed the "prior
art example").

[0003] With this technique of the prior art example, a vehicle model of a state in which perfect adhesion is present
between the driving wheel and the road surface, in other words of a state in which no slip at all is occurring, is virtually
created as a reference model within a control program. And control is performed in order to make the driving wheel of
the actual vehicle follow the reference model (hereinafter this will be termed "model following control").

[0004] In concrete terms, with the technique of the prior art example, from the result of detection of the rotational speed
of the driving wheel of the actual vehicle, a differential torque is calculated, which is the difference between a torque
inversely calculated according to the above reference model and the torque that caused the above detected rotational
speed to be generated. And, after applying a first-order delay to this calculated differential by passing it through a low
pass filter, negative feedback control is performed by taking, as a correction amount, this value multiplied by a prede-
termined gain coefficient which is a positive value. The result is that the torque upon the driving wheel is reduced, so
that increase of the slip ratio is suppressed. The reasons for suppressing increase of the slip ratio by this type of negative
feedback control are as follows.

[0005] When the tire spins freely, the inertia becomes light, thereby only the driving wheel is rotating. However, when
the driving wheel adheres to the road surface, the inertia becomes heavy, thereby not only the driving wheel but also
the vehicle body is being driven. In other words, when the slipratio increases, the rotational speed of the driving wheelrises.
[0006] Accordingly, in the case that slip ratio is greater than zero, inverse calculation using the rotational speed of the
driving wheel with the inertia of the adhesion state gives a higher torque value than the torque that is actually applied
to the driving wheel. Due to this, a differential torque value which is positive is obtained by subtracting the torque actually
applied to the driving wheel from the torque obtained by the above inverse calculation. The correction amount as the
result obtained by multiplying that differential torque value by a predetermined gain coefficient, a positive value as
described above, becomes a positive value. Therefore, negative feedback control by using the correction amount reduces
the torque applied to the driving wheel, and thus to decrease the slip ratio.

[0007] Note that, in the prior art example, it is commented that it is necessary to adjust the gain coefficient in order to
take so-called dead time into consideration.

PRIOR ART DOCUMENTS

PATENT DOCUMENTS

[0008] Patent Document #1: WO 2008/029524
SUMMARY OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0009] With an actual vehicle system, it is necessary to take into account a certain delay time when transmitting the
torque command value from the torque control part to the motor that drives the driving wheel, the torque response
characteristic of the motor, a delay time for transmission of the drive force of the motor to the driving wheel, and so on.
Thus, in model following control, the delay time that appears in the example previously described must be treated as a
so-called dead time.

[0010] Note that if, for example, the communication is performed by employing the CAN (Controller Area Network)
protocol, transmission of the torque command value from the torque control part to the motor is delayed corresponding
to the CAN communication cycle during the transmission.



10

15

20

25

30

35

40

45

50

55

EP 2 853 438 A1

[0011] The dead time and the torque response characteristic of the motor influenced upon the stability and the control
performance of the model following control system. Due to this, in order to provide a control system that satisfies the
stability and control performance, the motor response characteristic must be taken into consideration together with the
dead time in the prior art example previously described.

[0012] Moreover, the relationship between the slip ratio of the driving wheel and the friction coefficient of that against
the road surface varies greatly depending on the surface condition of the road, such as dry, wet, frozen, or the like. This
is equivalent to a large disturbance change being inputted to the control system. Due to this, there is a demand upon
the model following control system to perform traction control conform to the disturbance form great alteration of the
road surface condition.

[0013] For example, during travel upon a frozen road, it required to suppress free spinning of the driving wheel imme-
diately. Moreover, during travel upon a dry road, it is required to both satisfy for suppressing the free spinning of the
driving wheel and ensuring sufficient drive force, when acceleration, climbing a slope, high-speed traveling, or the like,
is required.

[0014] The presentinvention has been conceived under the circumstances described above. lts object is to provide
a traction control device and a traction control method for enabling to realize the stable traveling while ensuring the
necessary drive force depending on the road surface condition, along with enhancing the slip suppression performance
while maintaining control stability.

MEANS FOR SOLVING THE PROBLEMS

[0015] The invention of Claim 1 is a traction control device that performs traction control for a moving body having a
driving wheel which is driven by a motor, comprising: an acquisition part configured to acquire a torque instruction value
for said driving wheel, the rotational speed of said driving wheel, and friction coefficient information for the road surface
upon which said driving wheel runs; a torque command value calculation part configured to calculate the torque command
value to be outputted to the motor for driving said driving wheel, on the basis of said acquired torque instruction value
and a correction amount; an estimated torque value calculation part configured to calculate an estimated value of torque
operating upon said driving wheel, on the basis of said calculated torque command value and a model for torque
transmission to said driving wheel; an inverse torque value calculation part configured to calculate a torque value cor-
responding to said acquired rotational speed, according to a reference model in which no slip of said driving wheel takes
place; a filter part configured to apply a first-order delay to the difference between the result of calculation by said
estimated torque value calculation part and the result of calculation by said inverse torque value calculation part; and a
gain multiplication part configured to feed back, to said torque command value calculation part, as said correction amount,
the result obtained by multiplying said difference to which said first-order delay has been applied by a gain coefficient;
wherein said gain coefficient takes a value which is adaptively set by using said acquired friction coefficient information;
and the time constant of said filter part takes a value which is adaptively set by utilizing said acquired friction coefficient
information, or a value which is determined on the basis of the estimated value of the maximum value taken by said
gain coefficient.

[0016] And the invention of Claim 7 is a traction control device that performs traction control for a moving body having
a driving wheel which is driven by a motor, comprising: an acquisition part configured to acquire a torque instruction
value for said driving wheel, the rotational speed of said driving wheel, and an actual torque value that drives said motor;
a torque command value calculation part configured to calculate the torque command value to be outputted to the motor
for driving said driving wheel, on the basis of said acquired torque instruction value and a correction amount; a filter part
configured to apply a first-order delay to a value calculated on the basis of said calculated torque command value and
said acquired rotational speed; and a gain multiplication part configured to feed back to said torque command value
calculation part, as said correction amount, the result obtained by multiplying the value to which said first-order delay
has been applied by a gain coefficient; and wherein said gain coefficient takes a value which is adaptively set on the
basis of said acquired rotational speed and said acquired actual torque value; and the time constant of said filter part
takes a value which is adaptively set on the basis of said acquired rotational speed and said acquired actual torque
value, or a value which is determined on the basis of the estimated value of the maximum value taken by said gain
coefficient.

[0017] Furthermore, the invention of Claim 8 is a traction control method that performs traction control for a moving
body having a driving wheel which is driven by a motor, comprising the steps of: an acquisition step of acquiring a torque
instruction value for said driving wheel, the rotational speed of said driving wheel, and friction coefficient information for
the road surface upon which said driving wheel runs; a torque command value calculation step of, on the basis of said
acquired torque instruction value and a correction amount at the present time point, calculating a torque command value
to be outputted to the motor for driving said driving wheel; an estimated torque value calculation step of, on the basis of
said calculated torque command value and a model for torque transmission to said driving wheel, calculating an estimated
value of torque operating upon said driving wheel; an inverse torque value calculation step of calculating a torque value
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corresponding to said acquired rotational speed, according to a reference model in which no slip of said driving wheel
takes place; a first-order delay application process of applying a first-order delay to the difference between the result of
calculation in said estimated torque value calculation step and the result of calculation in said inverse torque value
calculation step with a time constant which has either a value which is adaptively set by utilizing said acquired friction
coefficient information, or a value which is determined on the basis of the estimated value of the maximum value taken
by said gain coefficient which is adaptively set by utilizing said acquired friction coefficient information; and a correction
amount updating step of taking the result obtained by multiplying said difference to which said first-order delay has been
applied by said gain coefficient, as a new correction amount; and wherein said acquisition step, said torque command
value calculation step of taking said new correction amount as the correction amount at said present time point, said
estimated torque value calculation step, said inverse torque value calculation step, said first-order delay application step,
and said correction amount updating step are repeated.

[0018] The invention of Claim 9 is a traction control program, wherein it causes a calculation part to execute a traction
control method of Claim 8.

[0019] Moreover, the invention of Claim 10 is a recording medium, wherein the traction control program of Claim 9 is
readably recorded thereupon by the calculation part.

BRIEF DESCRIPTION OF THE DRAWINGS
[0020]

Fig.1 is a block diagram of a model following control system employed in an embodiment of the present invention;
Fig.2 is a figure showing variables in a driving wheel model;

Fig.3 is the figure showing a relationship between slip ratio and friction coefficient during driving;

Fig.4 is the figure showing a relationship between slip ratio and friction coefficient during braking;

Fig.5 is the figure showing simulation results to the frozen road by using varied gain coefficient ’k’ and fixed a time
constant t in the model following control system of Fig. 1;

Fig.6 is the figure showing simulation results to the frozen road by using the fixed gain coefficient ‘k’ and the varied
time constant ;

Fig. 7 is the first figure showing Bode diagrams for an open loop transfer function of the model following control
system of Fig. 1;

Fig.8 is the second figure showing Bode diagrams for the open loop transfer function of the model following control
system of Fig. 1;

Fig. 9 is the figure showing changes of the optimum value of a coefficient ‘a’ corresponding to both of the changes
of a dead time L and the time constant t4 for torque response;

Fig.10 is the figure showing simulation results for the frozen road or the dry road, when the gain coefficient 'k’ and
the time constant t in the model following control system of Fig.1 are set to a certain values;

Fig.11 is the block diagram schematically showing the configuration of a traction control device of an embodiment
of the present invention;

Fig.12 is the figure for explanation of a modified embodiment, wherein the gain coefficient 'k’ is determined on the
basis of the slip ratio A and the friction coefficient p;

Fig. 13 is the block diagram schematically showing the configuration of a traction control device of the example of
the present invention;

Fig. 14 is a flow chart for explaining the traction control processing with the device of Fig. 13;

Fig. 15 is the figure showing simulation results for the traction control by the device of Fig.13;

Fig. 16 is the first figure showing experimental results for a model of the device of Fig.13; and

Fig. 17 is the second figure showing experimental results for the model of the device of Fig.13.

REFERENCE SIGNS LIST
[0021]

100: the traction control device

110: the control unit (including an acquisition part, a torque command value calculation part, an estimated torque
value calculation part, an inverse torque value calculation part, a filter part, and a gain multiplication part)

300: the traction control device

310: the acquisition part

320: the torque command value calculation part

330: the estimated torque value calculation part
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340: the inverse torque value calculation part
360: the filter part
370: the gain multiplication part

EMBODIMENTS FOR CARRYING OUT THE INVENTION

[0022] In the following, an embodiment of the present invention is explained with reference to Figs.1 through 11. Note
that the same reference symbols are appended to elements that are the same or equivalent, and duplicated explanation
will be omitted in the following explanation and in the drawings.

[Configuration of the traction control system]

[0023] First, the configuration of a traction control system for a driving wheel for which a traction control device according
to the embodiment is implemented is explained. Note that the driving wheel is driven by an electric motor in this embod-
iment.

[0024] Fig. 1 is the block diagram showing the traction control system including the model following control system
700 employed in the embodiment. As shown in Fig.1, itis arranged for the model following control system 700 to perform
traction control for an actual vehicle 600, namely, to perform slip ratio reduction control, in cooperation with a subtraction
block 500.

[0025] Note that the system is expressed by a model using the actual vehicle model, wherein the torque transmission
block 610 (transfer function: Q(s)) and the driving wheel response block 620 (transfer function: P(s)) are connected in
series, until the output of a rotational speed o of the driving wheel of the actual vehicle 600, wherein o is corresponding
to the torque command value T,,, sent from the subtraction block 500. Note that "s" is a Laplacian operator.

[0026] The torque transmission block 610 is the block based upon the torque transfer model until the torque command
value T, outputted from the subtraction block 500 is provided to the driving wheel as an actual torque value T,. The
torque transmission block 610 is expressed as the series connection of a dead time block 611 (transfer function: e"Ls)
and a motor torque response block 612 (the transfer function: 1/(t4 - s+1)).

[0027] The dead time block 611 is the block to expresses that a total time L can be treated as an overall dead time L
in model following control; wherein L is the sum of delay times of various types, such as a delay time for transmission
of the torque command value T, from the subtraction block 500 to the motor, a delay time for transmission of the drive
force generated by the motor to the driving wheel, and so on. Note that the dead time L may be actually previously
measured by the experiment, or may be previously calculated by the simulation.

[0028] The motor torque response block 612 is the block to expresses that the torque response characteristic of the
motor, to which the torque command value T, has been transmitted, is approximated by a first-order delay model (time
constant: t4). The torque response characteristic of the motor is expressed by a first-order delay model, due to the
knowledge that "the motor torque response characteristic is approximated by a first-order delay model with the necessary
accuracy during traction control", which is obtained from the results for the present invention by the inventors. Note that
the time constant 4 may be surveyed in advance by the experiment, or may be calculated in advance by the simulation.
[0029] As descrived above, the transfer function Q(s) of the torque transmission block 610 is expressed as the series
connection of the dead time block 611 and the motor torque response block 612 is given by the following Equation (1):

Q(s)=e /(1 s+1) ... (1)

[0030] The driving wheel response block 620 (the transfer function: P(s)) is the block that appears when the rotational
speed of the driving wheel is considered as a response of the actual vehicle to the applied torque. The transfer function
P(s) of the driving wheel response block 620 is described hereinafter.

[0031] The subtraction block 500 receives a torque instruction value T, sent from a torque instruction value generation
part not shown in Fig.1, and a correction amount T, sent from the model following control system 700. Then, the
subtraction block 500 calculates the torque command value T,,, according to Equation (2) below. The torque command
value T, thus calculated is sentto the motor ofthe actual vehicle, and also is sent to the modelfollowing control system 700.

To=T m - Tp ... (2)

[0032] The model following control system 700 receives the torque command value T, from the subtraction block 500
and the rotational speed ® of the driving wheel. Then, the model following control system 700 calculates the correction
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amount T, on the basis of the torque command value T, and the rotational speed .

[0033] The model following system having the functions comprises a torque transmission block 710 (the transfer
function: Q(s)), an adhesion model block 720 (the transfer function: P,,;"!(s)), and a subtraction block 730. Moreover, the
model following control system 700 comprises a first-order delay block 740 (the transfer function: R(s) = 1/(t - s+1)), and
a gain multiplication block 750 (the gain coefficient: k).

[0034] The torque transmission block 710 receives the torque command value T,,, from the subtraction block 500. On
the basis of the torque command value T,,, the torque transmission block 710 estimates the actual torque value T,
applied to the driving wheel, and assumes the result of the estimation as the estimated torque value T,. The torque
transmission block having the function comprises a dead time block 711 (the transfer function: e18) and a motor torque
response block 712 (the transfer function: 1/(t4 - s+1).

[0035] The dead time block 711 is the block provided for corresponding to the dead time block 611. The dead time
block 711 receives the torque command value T, sent from the subtraction block 500. Then, the dead time block 711
performs processing upon the torque command value T, corresponding to the dead time L. Note that, a value, which
is surveyed or obtained by the simulation, may be employed as the dead time L as mentioned above.

[0036] The motor torque response block 712 is the block corresponding to the motor torque response block 612. The
motor torque response block 712 receives the result of dead time processing sent from the dead time block 711. Then,
the motor torque response block 712 performs the first-order delay processing with the time constant t, upon the result
of the dead time processing to estimate the estimated torque value T,. Note that a value, which is surveyed or obtained
by the simulation, may be employed as the time constant t; as mentioned above.

[0037] The estimated torque value T, is calculated from the torque command value T, by the torque transmission
block 710 having the configuration according to the following Equation (3):

Te = Q(s)* T ... (3)

[0038] The adhesion model block 720 receives the rotational speed . According to an adhesion model, a virtual
model, in which no slip of the driving wheel occurs, the adhesion model block 720 calculates a torque value T, that
corresponds to the rotational speed » according to the following Equation (4):

To=Py'(5) 0 ... (4)

Note that the torque value T is calculated backwards from the rotational speed o by using the above adhesion model
so that the torque value T, is also sometimes termed the "inverse torque value T," in below.

[0039] As described above, if the slip ratio is greater than zero, the inverse torque value T, has a value greater than
that of the estimated torque value T,. Note that the transfer function P, -1(s) is described hereinafter.

[0040] The subtraction block 730 receives the estimated torque value T, sent from the torque transmission block 710
and the inverse torque value T,, sent from the adhesion model block 720. Then, the subtraction block 730 calculates a
differential torque value T}, according to the following Equation (5):

Th=Ta-Te ... (5)

[0041] The first-order delay block 740 receives the differential torque value T, sent from the subtraction block 730.
Then, the first-order delay block 740 performs the first-order delay processing with time constant t upon the differential
torque value T, thus calculating a torque value T; according to the following Equation (6):

Te=R(s) Tp = Ty/(z+s+1) ... (6)

Note that the first-order delay processing is a low pass filter so that the torque value T; is also sometimes termed the
"torque value T; after filtering" in below.

[0042] The gain multiplication block 750 (the gain coefficient: k) receives the torque value T; after filtering sent from
the first-order delay block 740. Then, the gain multiplication block 750 calculates the correction amount Ty, according to
the following Equation (7), and sends the calculated correction amount T, to the subtraction block 500.
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Ty = k'Tf (7)

<The transfer functions P(s) and P, -'(s)>

[0043] Next, the transfer function P(s) of the driving wheel response block 620 and the transfer function P,, -1(s) of the
adhesion model block 720 are explained.

[0044] The variables in a single wheel model of a driving wheel WH that is provided to a moving body MV are shown
in Fig.2 (hereinafter, it is sometimes also termed the "driving wheel model"). In Fig.2, "M" is the weight of the moving
body, "F4" is the drive force of the driving wheel WH, and "F," is the traveling resistance. Moreover, "T," is the actual
torque value applied to the driving wheel WH, "v" is the speed of the moving body MV (in other words, the translational
speed of the driving wheel WH), and "o" is the rotational speed of the driving wheel WH. Furthermore, "N" is the normal
force operating upon the driving wheel WH, and "r" is the radius of the driving wheel WH.

[0045] With the driving wheel model shown in Fig.2, the motion equation of the moving body MV is given by the
following Equation (8):

M- (dv/dt) = F4 - Fgr ... (8)

[0046] Moreover, with the moment of inertia of the driving wheel WH being termed "J,;", the equation of motion of the
driving wheel WH is given by the following Equation (9):

Jwe (do/dt) =T, - r+Fq ... (9)

[0047] And, with the friction coefficient of the road surface with respect to the driving wheel WH being termed p, the
relationship between the drive force Fy and the normal force N is given by the following Equation (10):

w=FgN ... (10)

[0048] Here, for example, the normal force N may be acquired rapidly and accurately by providing a load sensor that
detects the load imposed upon the driving wheel WH. Moreover, on the basis of the actual torque value T, and the
rotational speed o, the drive force Fy may be acquired rapidly and accurately by the known drive force observer. Due
to this, with an electric automobile generating an actual torque value T,, which is faithful to the torque instruction value,
for example, it is possible to calculate the friction coefficient p rapidly and accurately by providing a rotational speed
sensor that detects the rotational speed of the driving wheel WH, in addition to the load sensor described above.
[0049] Note that a drive force observer is described in, for example, Japanese Laid - Open Patent Publication
2010-05116, etc.

[0050] Moreover, in the driving wheel model described above, the slip ratio A is given by the following Equation (11):

A= (r-w-v)/ Max (rro, v) ... (11)

[0051] In the driving wheel model, generally, the friction coefficient . and the slip ratio A have a relationship as shown
in Fig.3 during driving, and they have the relationship as shown in Fig.4 during vehicle braking. In the change of the
friction coefficient w during driving along with increase of the slip ratio shown in Fig.3, the status for the moving body
MV enables to travel in a stable manner (hereinafter termed a "stable state") is that when the slip ratio is not larger than
the slip ratio (generally around 0.2) at which the friction coefficient .. becomes maximum. On the other hand, the status
for the free spinning of the driving wheel WH or the phenomenon of locking may occur (hereinafter termed an "unstable
state") is that when the slip ratio is not less than the slip ratio at which the friction coefficient . becomes maximum.
[0052] Moreover, in the change during braking of the friction coefficient . along with increase of the slip ratio shown
in Fig.4, the stable state is that the slip ratio is not less than the slip ratio (generally around - 0.2) at which the friction
coefficient pw becomes minimum. On the other hand, the unstable state is that the slip ratio is smaller than the slip ratio
at which the friction coefficient p. becomes minimum.

[0053] Furthermore, after the radius r has been substituted into Equation (8) above, the sum of the left side and the
right side with those of (9) is formed, the following Equation (12) is obtained:
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M-t (dv/dt) + Jy+ (do/dt) = T, - 1+ Fq; ... (12)

[0054] Duringdriving in which (r-@>v), when Equation (11) is considered, the Equation (12) changes as per the following
Equation (13):

Mereves+Jyros=M-r* (1-4) ‘rro's+Jyo*s

=0+ (Jy+M-1% (1-1) *s=TyrFg ... (13)

[0055] Accordingly, the rotational speed o is given by the following Equation (14):

o= (T -1°Fg) / (Jw + M-12-(1 - L))s) ... (14)

[0056] As determined from Equation (14), when the traveling resistance F4 becomes small, the rotational speed ®
becomes great. In traction control, in order to perform control for preventing the rotational speed o increasing abruptly
even when the traveling resistance F 4, is small, a model is employed in which it is considered that the traveling resistance
Fqr is zero As a result, the transfer function from the actual torque value T, to the rotational speed o in the actual vehicle
model during driving, in other words the transfer function P(s) of the above described driving wheel response block 620
during driving, is as shown in the following Equation (15):

P(s)=o/T; =1/ ( (Jy + M2 (1 - 1)) *s) ... (15)

[0057] Moreover, since the adhesion model described above is a model in which slip of the driving wheel WH does
not occur, it is a model in which the slip ratio A is taken as being zero. Due to this, the transfer function P,!(s) of the
adhesion model block 720 during driving is as given by the following Equation (16):

P. ' (s) = Ti/o= (Jyt M-1H)-s ... (16)

[0058] Note that, during braking, the transfer function P(s) of the driving wheel response block 620 and the transfer
function Pn - 1(s) of the adhesion model block 720 may be derived in a similar manner to the case described above
during driving. The following explanation will principally give attention to the case during driving.

[0059] As described above, the transfer function G(s) in the traction control system of the embodiment from the torque
instruction value T", to the rotational speed w during driving, and the open loop transfer function G(s) from the torque
instruction value T, to the correction amount T,, may be expressed by the following Equations (17) and (18):
[Equation #1]

e—l,.\' 1 1 l
~ (r, s+ (J,+Mri(1-A) s 7
G(s)—1+e_“ 1 . ey (17)
(r,s+D) (ts+1) (J, +Mr*(1-2))
[Equation #2]
2
G ()=e K MIL . ..q3)

(r,s+D) (rs+D) (J, +Mr*(1-2))
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[Stability of this traction control system]

[0060] Inordertoevaluate the stability of the traction control system described above, a simulation of the type described
below was performed. In the simulation, note that it was supposed that the moving body MV was a four wheel drive
vehicle, and that, as is considered to be typical for such a vehicle, the dead time L=20 [msec], the time constant of the
torque response of the motor t; = 10 [msec], the driving wheel WH moment of inertia J,, = 5.7 [kg - m2], the moving body
MV weight M = 1650 [kg], and the driving wheel WH radius r = 0.295 [m].

<Simulations related to the transfer function G(s)>

[0061] Simulations, in the case that the torque instruction value T",, was 400 [Nm], were performed related to the
transfer function G(s), while the time constant t of the first-order delay block described above and the gain coefficient
of the gain multiplication block were changed.

[0062] First, under the supposition of traveling over a frozen road surface as shown in Fig.3, while keeping the time
constant t fixed at 4.0 [sec], and while varying the gain coefficient 'k’, simulations were performed for changes over time
of the slip ratio A, of the friction coefficient w, and of the torque command value T,,. The results of these simulations are
shown in Fig.5.

[0063] Asisshown by the simulation results in Fig.5, when the gain coefficient ‘k’ became large, the degree of decrease
of the slip ratio became high. However, when the gain coefficient ‘k’ became too great, the control oscillated and became
unstable, which was undesirable.

[0064] Next, under the supposition of traveling over a frozen road surface as shown in Fig.3, while keeping the gain
coefficient ’k’ fixed at 10, and while varying the time constant 1, simulations were performed for changes over time of
the slip ratio A, of the friction coefficient ., and of the torque command value T,,,. The results of these simulations are
shown in Fig.6.

[0065] As is shown by the simulation results in Fig.6, when the time constant t became small, the slip ratio rapidly
decreased. However, when the time constant t became too small, the control oscillated and became unstable, which
was undesirable.

[0066] From these two types of simulation result related to the transfer function G(s) described above, it was confirmed
that, in order for control stability and slip suppression performance to be compatible, itis necessary for the gain coefficient
'k’ and the time constant t to be coordinated in an appropriate manner.

<Evaluation of the control stability according to the open loop transfer function Gy(s)>

[0067] From (18) above, it is determined that the slip ratio A is related to the gain of the open loop transfer function
Gy(s). The closer the slip ratio A is to "1", the greater the gain of the open loop transfer function Gy(s) becomes. Due to
this, for ensuring the stability of the traction control system whatever value the slip ratio A make take, it will be sufficient
if it is possible to ensure the stability under the condition that the slip ratio A is "1", which is when the gain is largest.
[0068] Thus, the stability of the open loop transfer function with the slip ratio A setto "1" in the following Equation (18)
was evaluated by drawing a Bode diagram and obtaining the gain margin and the phase margin. Note that it is generally
considered that the criteria for ensuring stability are that the gain margin should be 10 [dB] or greater and that the phase
margin should be 40 [deg] or greater.

[0069] Moreover note that, when drawing a Bode diagram in order to evaluate the above stability, in a similar manner
to the case of the simulation related to the transfer function G(s) described above, it was supposed that the moving body
MV is a four wheel drive vehicle, that the dead time L = 20 [msec], and that the time constant for the torque response
of the motor 4 = 10 [msec]. Moreover, with regard to the dynamic values appearing in Equation (18), it was supposed
that the driving wheel WH moment of inertia Jy, = 5.7 [kg-m?], the moving body MV weight M = 1650 [kg], and the driving
wheel WH radius r = 0.295 [m].

[0070] First, a Bode diagram was constructed with the time constant t fixed and while changing the gain coefficient
‘k’. The result is shown in Fig. 7(A). As shown in this Fig. 7(A), the greater the gain coefficient ‘k’ was, the higher became
the frequency at which the gain intersected 0 [dB], and the gain margin and the phase margin both became small.
[0071] The concrete Bode diagram shown in Fig. 7(A) is an example in which the time constant t was fixed at 0.4
[sec], while the gain coefficient 'k’ was changed through 1, 2, 5, and 10. In this concrete example shown in Fig. 7(A),
when the gain coefficient 'k’ was 1, the gain margin was 12.1 [dB] and the phase margin became 72.9 [deg], so that this
situation can be evaluated as being stable. However, when the gain coefficient ’k’ was 2, 5, and 10, the gain margin and
the phase margin both became small, and this situation cannot be evaluated as being stable.

[0072] Next, a Bode diagram was constructed with the gain coefficient 'k’ fixed, and while changing the time constant
1. The result is shown in Fig. 7(B). As shown in this Fig. 7(B), the greater the time constant t was, the lower became the
frequency at which the gain intersected 0 [dB], and the gain margin and the phase margin were both large.
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[0073] The concrete Bode diagram shown in Fig.7(B) is an example in which the gain coefficient 'k’ was fixed at 10,
while the time constant t was changed through 0.4, 0.8, 2.0, and 4.0 [sec]. In this concrete example shown in Fig. 7(B),
when the time constant t was 0.4, 0.8, and 2.0 [sec], the gain margin and the phase margin both became small, and
this situation cannot be evaluated as being stable. However, when the time constant t was 4.0 [sec], the gain margin
was 11.8 [dB] and the phase margin became 64.3 [deg], so that this situation can be evaluated as being stable.

[0074] From the results in Figs.7(A) and 7(B) it was determined that, in order to ensure stability, if the gain coefficient
'k’ is made large, then it is necessary also to make the time constant t large. Thus, a Bode diagram was drawn while
changing the gain coefficient ’k’ and the time constant t by using the relationship shown by Equation (19) below:

=0.4xk ... (19)

[0075] This result is shown in Fig.8. As shown in this Fig.8, using the relationship shown in Equation (19), when the
gain coefficient 'k’ and the time constant t changed, the result was that the frequency at which the gain crossed 0 [dB]
and the phase crossed -180 [deg] almost agreed with one another. In other words, the result was that the gain margin
and the phase margin almost did not change. This shows that, by changing the time constant t to match the gain
coefficient 'k’, it is possible to ensure stability by adjusting the control band.

[0076] And the result described above shows thatitis possible to express the relationship between the gain coefficient
'k’ and the time constant t for ensuring the stability of the control band by the following Equation (20):

t=a'k ... (20)

[0077] Here, as will be understood by reference to Equation (18) above, the optimum value of the coefficient ‘a’ is
determined according to the dead time L, the time constant t, of the torque response of the motor, the moment of inertia
Jy» the weight M of the moving body MV, and the radius r of the driving wheel WH. Since these values are values that
are determined by the design specification of the vehicle, accordingly they can be ascertained if that design specification
is already known. Even if the design specification is not known, these values can be estimated, or can be ascertained
by actual measurement.

[0078] Even if the result is that the gain coefficient ‘k’ changes dynamically, it is still possible to implement traction
control that always ensures the control band and the stability by setting the time constant t according to Equation (20)
above, using a coefficient ‘a’ that is determined by estimation in advance or whose value can be ascertained.

[0079] If, as hypothesized when drawing the concrete Bode diagrams described above, the driving wheel WH moment
of inertia Jw = 5.7 [kg- m2], the moving body MV weight M = 1650 [kg], and the driving wheel WH radius r = 0.295 [m],
then change of the coefficient ’a’ according to change of the combination of the dead time L and the time constant t, of
the torque response of the motor is shown in Fig.9.

[0080] Note that, when determining the coefficient 'a’, it is desirable to employ a value that is a little greater than the
above optimum value, so as to be able to anticipate a margin that is somewhat wider in order to ensure stability. For
example, in the example of Fig.9 in which the dead time L = 20 [msec] and the time constant 14 of the torque response
of the motor = 10 [msec], then, while the optimum value for the coefficient 'a’ is 0.33, in order to ensure a certain margin,
it is desirable to set the coefficient 'a’ to 0.4, in order to ensure accurate stability of the traction control system of Fig.1
described above.

[Determination of the adaptive gain coefficient 'k’ and the time constant t for the road surface state]

[0081] Next, the determination of the adaptive gain coefficient 'k’ and of the time constant © according to the road
surface state will be explained.

[0082] AsshowninFig.3above, therelationship between the slip ratio of the driving wheel WH and the friction coefficient
of the driving wheel WH upon the road surface varies greatly according to the state of the road surface, such as whether
it is a dry road surface, a wet road surface, a frozen road surface, or the like. As described above, this is equivalent to
the fact that the change of the disturbance inputted to the control system is great.

[0083] Therefore, both for a dry road surface and for a frozen road surface, simulation was performed for changes
over time of the slip ratio 1, of the friction coefficient ., and of the torque command value T,,, with the torque instruction
value T, being 400 [Nm]. Note that, during this simulation, it was supposed that the moving body MV was a four wheel
drive vehicle, and, as is considered to be typical for such a vehicle, that the dead time L = 20 [msec], the time constant
of the torque response of the motor t, = 10 [msec], the driving wheel WH moment of inertia J,, = 5.7 [kg - m2], the moving
body MV weight M = 1650 [kg], and the driving wheel WH radius r = 0.295 [m]. Moreover, in order to ensure the stability
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of the following control system, the simulation was performed for the two (k, t) pairs of (1, 0.4 [sec]) and (10, 4 [sec]),
which satisfied the relationship described in Equation (19) above.

[0084] The simulation result in this case is shown in Fig.10. Here, the simulation result for the case of a frozen road
surface is shown in Fig. 10(A), while the simulation result for the case of a dry road surface is shown in Fig. 10(B). As
shown in Figs. 10(A) and 10(B), it will be understood that, for both of these road surfaces, the slip ratio A decreases
when the gain coefficient ’k’ is great.

[0085] By the way, in the case of a frozen road surface, in order to prevent free spinning of the driving wheel WH as
much as practicable, it is desirable to keep the slip ratio A as small as possible while keeping the gain as high as possible.
However, as shown in Fig. 10(B), when the gain coefficient is made great in order to make the gain high, on a dry road
surface, the torque command value Tm is decreased undesirably, irrespective of whether there is any margin in the
value of the friction coefficient w. Unnecessary reduction of the torque command value T, means that it is not possible
to provide the acceleration level intended by the driver, so that, in terms of convenience, the drive force is compromised.
[0086] For example, as described above, high drive force is required if acceleration is needed while the vehicle is
traveling upon a dry road surface, or if the vehicle is traveling up a slope, or during high speed traveling or the like. In
this type of circumstance it is desirable to avoid reduction of the drive force to the greatest possible extent, in order to
be able to deploy the highest drive capability of which the vehicle is capable. In other words, it is not sufficient simply to
make the slip ratio A small; it is also necessary to control the slip ratio A so that the unstable region is not entered, while
still ensuring the required drive force.

[0087] Due to this, itis desirable to determine the gain coefficient in an adaptive manner according to the road surface
state, so that the gain coefficient ’k’ is large in the case of a road surface such as a frozen road surface on which slip
can easily occur, while the gain coefficient 'k’ is small in the case of a road surface such as a dry road surface upon
which slip does not easily occur. Thus, as shown in Fig.3 above, by changing the operational mode in correspondence
to the road state, the relationship between the slip ratio of the driving wheel WH and the friction coefficient of the driving
wheel WH with respect to the road surface is determined to have the characteristic that, the more prone to slip the road
surface becomes, the smaller the friction coefficient becomes with respect to the slip ratio A.

[0088] If, using this characteristic, the gain coefficient 'k’ is set to be larger the greater the slip ratio A is, or the smaller
the friction coefficient . is, then the gain coefficient 'k’ becomes large for a road surface upon which slip can easily occur,
while the gain coefficient 'k’ becomes small for a road surface upon which slip cannot easily take place. As a result,
along with the beneficial effect for preventing slip being enhanced for a road surface upon which slip can easily occur,
also unnecessary reduction of torque for a road surface upon which slip cannot easily take place is prevented.

[0089] Here, the gain coefficient 'k’ may be calculated according to the following Equation (21), in which the coefficient
b’ is a predetermined value:

k=b-(Mp) ... (21)

[0090] Since, according to this Equation (21), the gain coefficient 'k’ is proportional to the slip ratio A while being
inversely proportional to the friction coefficient ., accordingly the larger the gain coefficient 'k’ is, the more easily slip
can occur. Note that, if the time constant t is set according to the gain coefficient 'k’ by using Equation (20) above, then
it is possible successfully to ensure the stability of traction control and the control band. In other words, the gain coefficient
'k’ and the time constant t come to be set adaptively, according to the estimated value of A and the estimated value of
w during traveling.

[0091] Note that the coefficient 'b’ is set to an appropriate value according to the moment of inertia J,, of the driving
wheel WH, the weight M of the moving body MV, and the radius r of the driving wheel WH. Due to this, the coefficient
'b’ can be determined to an appropriate value in advance by simulation and experiment. When determining the above
coefficient 'b’, consideration is given to the balance between high gain upon a frozen road surface and low gain upon a
dry road surface.

[0092] Note that, if the dead time L = 20 [msec], the time constant of the torque response of the motor 4 = 10 [msec],
the driving wheel WH moment of inertia J,, = 5.7 [kg - m2], the moving body MV weight M = 1650 [kg], and the driving
wheel WH radius r = 0.295 [m], then "4" may be obtained by simulation and experiment as a desirable value for the
coefficient ‘b’. If the coefficient (b = 4) obtained in this manner is employed, then examples of the gain coefficients
determined according to Equation (21) are as follows.

[0093] For example, in the case of the frozen road surface of Fig. 3, when the slip ratio A is 0.25, the friction coefficient
w is approximately 0.1. Since this operational point is at the boundary between the stable region and the unstable region
where the slip ratio starts to increase, accordingly it is desirable to enhance the performance for suppression of slip. For
example, if the coefficient ’b’ is set to "4", then the gain coefficient ‘k’ becomes 10 only to be a high gain setting, so that
a high gain setting results.
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[0094] Moreover, for example, in the case of the dry road surface of Fig. 3, when the slip ratio 1 is 0.05, the friction
coefficient . is approximately 0.4. Since this operational point is a state where there is some room with respect to the
maximum value of the friction coefficient ., accordingly it is desirable to avoid unnecessary decrease of the torque. For
example, if the coefficient ‘b’ is set to "4", then the gain coefficient 'k’ becomes 0.5 only to be a high gain setting, so that
a low gain setting results.

[0095] Note that, at the operational point which, on a dry road surface, is the boundary between the stable region and
the unstable region (slip ratio A=0.2, friction coefficient w = 0.8), if the coefficient b’ is "4", then the gain coefficient ‘k’
becomes 1.0. At this operational point on the boundary the gain appears to be low, but no particular problem occurs.
The reason for this is as follows.

[0096] For a normal vehicle, it is not appropriate to be able to generate a torque much greater than the drive force at
which the friction coefficient . upon a dry road surface becomes maximum. The reason why is that it is never necessary
to output a torque much larger than this drive force, and that there is no merit in increasing the weight of the motor or
in increasing the cost. Due to this, even if the torque becomes higher than the drive force at which the friction coefficient
w becomes maximum, the difference between them is not very great, and, since the torque reduction amount due to
control remains quite small, accordingly it is no matter even if the gain coefficient 'k’ is kept as low as 1.

[0097] On the other hand, in the case of a frozen road surface, then, even with a low torque instruction value, a drive
force can simply be obtained that makes the coefficient p. attain its maximum value. In other words, the slip state is
encountered very easily even if the accelerator pedal is not stepped upon very much. Since a large torque instruction
value is obtained when the accelerator pedal is strongly stepped upon, the difference from the drive force when the
friction coefficient . becomes maximum is great, so that the torque reduction amount due to traction control needs to
be great.

[0098] Note that, if emphasis is given to suppression of slip upon a frozen road surface, then it is proper to make the
coefficient ’b’ large so that the gain is increased. On the other hand, if emphasis is given to avoidance of unnecessary
decrease of the torque upon adry road surface, thenit is proper to make the coefficient ‘b’ small, so that the gainis reduced.
[0099] Moreover, since the weight of the vehicle changes according to the number of people riding in it or the weight
loaded into it, accordingly, if it is possible to detect the weight of the vehicle, then it is possible to set the coefficient ’b’
according to the result of this detection. For example, if the inertia J,, = 5.7 [kg-m?], the moving body MV weight M =
1650 [kg], and the driving wheel WH radius r = 0.295 [m], and the coefficient b = 4, then at the operational point upon
a frozen road surface of Fig.3 where the slip ratio A = 0.25 and the friction coefficient . = 0.1, the gain in Equation (18)
is "2.57". If the weight of the moving body MV is increased by 400 [kg] with the coefficient 'b’ remaining the same at b=4,
then this gain becomes "2.85". Bult, if it is desired for this gain to be the same at "2.57" as when the weight of the moving
body MV was M=1650 [kg], then this can be implemented by making the coefficient b=3.6.

[0100] While the traction control system has been explained above with particular emphasis upon its behavior during
driving, itis possible to employ model following control during braking as well, in a similar manner to the case during driving.

[The traction control device]

[0101] Next, a traction control device 300 of the embodiment will be explained with principal reference to Fig.11. Note
that this traction control device 300 is arranged within a moving body MV.

<Configuration>

[0102] Here, the schematic configuration of the traction control device 300 is shown in Fig.11 as a block diagram. As
shown inthis Fig.11, the traction control device 300 comprises an acquisition part 310, a torque command value calculation
part 320, an estimated torque value calculation part 330, and an inverse torque value calculation part 340. Moreover,
the traction control device 300 comprises a subtraction part 350, a filter part 360, and a gain multiplication part 370. Yet
further, the traction control device 300 comprises a storage part 380 and a parameter calculation part 390.

[0103] The acquisition part 310 acquires the torque instruction value T" that is sent from a torque instruction value
generation part 910. And the acquisition part 310 sends this torque instruction value T",, that has been acquired to the
torque command value calculation part 320.

[0104] Then the torque instruction value generation part 910 generates the torque instruction value T",, on the basis
of the detection results from an accelerator opening amount sensor, a braking amount sensor, an angular velocity sensor
and so on not shown in the figures that are used in the generation of the torque instruction value T",. The torque
instruction value T", that has been generated in this manner is sent to the traction control device 300.

[0105] Moreover, the acquisition part 310 acquires a rotational speed o that is sent from a rotational speed sensor
920. And the acquisition part 310 sends this rotational speed o that has been acquired to the inverse torque value
calculation part 340.

[0106] Here, the rotational speed sensor 920 detects the rotational speed » of the driving wheel WH of the moving
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body MV. The rotational speed that has been detected in this manner is sent to the traction control device 300.

[0107] Moreover, the acquisition part 310 acquires a friction coefficient . that is sent from a friction coefficient estimation
part 930. And the acquisition part 310 sends this friction coefficient w that has been acquired to the parameter calculation
part 390.

[0108] Here, the function of the known drive force observer as described in, for example, Japanese Laid-Open Patent
Publication 2010-051160 may be implemented in the friction coefficient estimation part 930. According to this drive force
observer function, this friction coefficient estimation part 930 estimates the drive force F4 upon the driving wheel WH on
the basis of the rotational speed o detected by the rotational speed sensor 920, and upon the actual torque value T,
that is calculated from the result of detection by a current sensor not shown in the figures that detects the current flowing
in the motor 960. And, on the basis of the estimated drive force Fy and the normal force N operating upon the drive
wheel WH as detected by a load sensor or the like not shown in the figures, the friction coefficient estimation part 930
estimates the friction coefficient w using Equation (10) given above. The friction coefficient n that has been estimated
in this manner is sent to the traction control device 300.

[0109] Furthermore, the acquisition part 310 acquires the slip ratio A from a slip ratio estimation part 940. And the
acquisition part 310 sends the slip ratio A that has thus been acquired to the parameter calculation part 390.

[0110] And the slip ratio estimation part 940 estimates the speed v of the moving body MV by performing integration
with respect to time of the acceleration detected by an acceleration sensor not shown in the figures, or the like. And,
using Equation (11) given above, the slip ratio estimation part 940 estimates the slip ratio A on the basis of the speed v
that has thus been estimated and the rotational speed » detected by the rotational speed sensor 920. The slip ratio that
has been estimated in this manner is sent to the traction control device 300.

[0111] The torque command value calculation part 320 performs the function of the subtraction block 500. This torque
command value calculation part 320 receives the torque instruction value T",,, sent from the acquisition part 310 and a
correction amount T, sent from the gain multiplication part 370. And the torque command value calculation part 320
calculates the torque command value T, by using Equation (2) given above. The torque command value T, that has
been calculated in this manner is sentto an inverter 950, and is also sent to the estimated torque value calculation part 330.
[0112] Here, the inverter 950 generates a motor drive signal according to the torque command value T, sent from
the traction control device 300, and sends this motor drive signal that has been generated to a motor 960. The result is
that the motor 960 performs motor rotational motion on the basis of this motor drive signal, and thereby causes the
driving wheel to rotate.

[0113] The estimated torque value calculation part 330 performs the function of the torque transmission block 710.
This estimated torque value calculation part 330 internally stores a dead time L and a time constant 14 for the torque
response of the motor 960.

[0114] The estimated torque value calculation part 330 receives the torque command value T, sent from the torque
command value calculation part 320. And the estimated torque value calculation part 330 performs torque value estimation
by calculating an estimated torque value T, using Equation (3) given above. The estimated torque value T, that has
been calculated in this manner is sent to the subtraction part 350.

[0115] The inverse torque value calculation part 340 performs the function of the adhesion model block 720. This
inverse torque value calculation part 340 stores the driving wheel WH moment of inertia J\y, the weight M of the moving
body MV, and the radius r of the driving wheel WH.

[0116] The inverse torque value calculation part 340 receives the rotational speed ® sent from the acquisition part
310. And the inverse torque value calculation part 340 calculates the inverse torque value T,, by using Equation (4) given
above. The inverse torque value T,, that has been calculated in this manner is sent to the subtraction part 350.

[0117] The subtraction part 350 performs the function of the subtraction block 730. This subtraction part 350 receives
the estimated torque value T, sent from the estimated torque value calculation part 330 and the inverse torque value
T,, sent from the inverse torque value calculation part 340. And the subtraction part calculates the differential torque
value T, by using Equation (5) given above. The differential torque value T, that has been calculated in this manner is
sent to the filter part 360.

[0118] The filter part 360 performs the function of the first-order delay block 740. This filter part 360 receives the
differential torque value T}, sent from the subtraction part 350 and the time constant t sent from the parameter calculation
part 390. And, using Equation (6) given above, the filter part 360 calculates the torque value after filtering T; by executing
first-order delay processing with the time constant t upon the differential torque value T},. The torque value after filtering
T; calculated in this manner is sent to the gain multiplication part 370.

[0119] The gain multiplication part 370 performs the function of the gain multiplication block 750. This gain multiplication
part 370 receives the torque value T; after filtering sent from the filter part 360 and the gain coefficient 'k’ sent from the
parameter calculation part 390. And the gain multiplication part 370 calculates the correction amount T,, by using Equation
(7) given above. The correction amount T, that has been calculated in this manner is sent to the torque command value
calculation part 320.

[0120] The storage part 380 comprises a non-volatile storage element. The coefficient 'a’ that, as described above,
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is determined by the dead time L, the time constant 4 for the torque response of the motor, the moment of inertia J,,,,
the weight M of the moving body MV, and the radius r of the driving wheel WH, and that is required when utilizing Equation
(20) given above, is stored in this storage part 380. Moreover, the coefficient 'b’ that, as described above, is determined
by the dead time L, the time constant t, for the torque response of the motor, the moment of inertia J,,, the weight M of
the moving body MV, and the radius r of the driving wheel WH, and that is required when utilizing Equation (21) given
above, is also stored in the storage part 380.

[0121] Note that the parameter calculation part 390 is capable of accessing the storage part 380.

[0122] The parameter calculation part 390 receives the friction coefficient . and the slip ratio A sent from the acquisition
part 310. And the parameter calculation part 390 refers to the coefficient 'b’ that is stored in the storage part 380, and
calculates the gain coefficient 'k’ by using Equation (21) given above. Moreover, by using Equation (20) given above,
the parameter calculation part 390 subsequently calculates the time constant t by referring to the coefficient ’a’ stored
in the storage part 380.

[0123] The gain coefficient ’k’ that has been calculated in this manner is sent to the gain multiplication part 370.
Moreover, the time constant t that has been calculated is sent to the filter part 360.

[0124] Note that, while the moment of inertia J,,, the weight M of the moving body MV, and the radius r of the driving
wheel WH are already known, if either the dead time L or the time constant 4 of the torque response of the motor is not
known, then it is not possible to determine the coefficient 'a’. In such a case, a relationship like the one shown by way
of example in Fig.9 described above between the coefficient 'a’, the dead time L, and the time constant 1, is registered
in the storage part 380. And, at the time point that the dead time L and the time constant t; have become known by
actual measurement or the like, the coefficient ‘a’ may be determined by reference to the above table, and may be stored
in the storage part 380.

<Operation>

[0125] Next, the operation for traction control performed by the traction control device 300 having a configuration such
as that described above will be explained. This traction control is performed while the moving body MV is traveling.
[0126] Note that it will be supposed that the torque instruction value T*,, generated from the torque instruction value
generation part 910 is sequentially sent to the traction control device 300. Moreover, it will be supposed that the rotational
speed o from the rotational speed sensor 920 is sequentially sent to the traction control device 300. Furthermore, it will
be supposed that the estimated friction coefficient p from the friction coefficient estimation part 930 is sequentially sent
to the traction control device 300. Yet further, it will be supposed that the estimated slip ratio A from the slip ratio estimation
part 940 is sequentially sent to the traction control device 300.

[0127] And it will be supposed that the acquisition part 310 sequentially sends the torque instruction value T",, that it
has acquired to the torque command value calculation part 320. Moreover, it will be supposed that the acquisition part
310 sequentially sends the rotational speed o that it has acquired to the inverse torque value calculation part 340.
Additionally, it will be supposed that the acquisition part 310 sequentially sends the friction coefficient p. and the slip ratio
A that it has acquired to the parameter calculation part 390.

[0128] Moreover, it will be supposed that the coefficients ’a’ and ’b’ are stored within the storage part 380.

[0129] Under this sort of operational environment, when the moving body MV is traveling, the parameter calculation
part 390 calculates the gain coefficient 'k’ by utilizing Equation (21) given above, on the basis of the friction coefficient
w and the slip ratio A sent from the acquisition part 310 and of the coefficient ’b’ in the storage part 380. And, using
Equation (20) given above, the parameter calculation part 390 calculates the time constant t subsequently on the basis
of this gain coefficient 'k’ and of the coefficient 'a’ in the storage part 380.

[0130] And the parameter calculation part 390 sends this gain coefficient 'k’ that has been calculated to the gain
multiplication part 370, and also sends the time constant t that has been calculated to the filter part 360. As a result,
along with the gain coefficient 'k’ that has been calculated being set to the gain multiplication part 370, also the time
constant that has been calculated is set to the filter part 360. When these settings are performed, the torque command
value calculation part 320, the estimated torque value calculation part 330, the inverse torque value calculation part 340,
the subtraction part 350, the filter part 360, and the gain multiplication part 370 cooperate together to execute model
following control according to these settings while taking the torque instruction value T",, and the rotational speed o as
inputs.

[0131] Subsequently, repetition is performed of new calculation and new setting of the gain coefficient 'k’ and of the
time constant t, and of model following control with these new settings while taking the above torque instruction value
T"., and the rotational speed  as inputs. Traction control is performed by this repetition.

[0132] As has been explained above, in this embodiment, the acquisition part 310 acquires the torque instruction value
T",, for the driving wheel WH, the rotational speed o of the driving wheel WH, the estimated friction coefficient . for the
surface of the road upon which the driving wheel WH is traveling, and the slip ratio A of the driving wheel WH. And the
parameter calculation part 390 calculates the adaptive gain coefficient 'k’ for the state of the surface of the road upon
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which the vehicle is traveling, on the basis of the friction coefficient u and the slip ratio A sent from the acquisition part
310 and the coefficient b’ in the storage part 380. Subsequently, on the basis of the above gain coefficient 'k’ and the
coefficient 'a’ in the storage part 380, the parameter calculation part 390 calculates the adaptive time constant t that is
suitable for ensuring the stability of traction control. And, along with this gain coefficient 'k’ that has been calculated
being set to the gain multiplication part 370, also the above time constant t that has been calculated is set to the filter
part 360. When these settings have been made, model following control that takes, as its reference model, an adhesion
model in which slip of the driving wheel WH does not occur is executed according to these settings.

[0133] During this model following control, the torque command value calculation part 320 calculates the torque com-
mand value T, to be outputted to the motor 960 that drives the driving wheel WH on the basis of the torque instruction
value T",, and the correction amount T,. Next, the estimated torque value calculation part 330 performs torque value
estimation by calculating the estimated torque value T, acting upon the driving wheel WH on the basis of the torque
command value T, that has been calculated and the torque transfer model to the driving wheel WH. And, in parallel
with this calculation of the estimated torque value T, the inverse torque value calculation part 340 calculates the inverse
torque value T, corresponding to the rotational speed o, according to the adhesion model in which no slip occurs.
[0134] Next, the subtraction part 350 calculates the differential torque value T, for which the estimated torque value
T, has been subtracted from the inverse torque value T,. And the filter part 360 subsequently calculates the torque
value T; after filtering, for which a first-order delay with the time constant t has been applied to the differential torque
value T,. Then the gain multiplication part 370 calculates the correction amount Ty, by multiplying the torque value after
filtering T; by the gain coefficient ‘k’, and feeds this correction amount T, that has thus been calculated back to the torque
command value calculation part 320.

[0135] Thus, according to this embodiment, along with it being possible to enhance the performance for suppression
of slip while maintaining the control stability, it is also possible to perform traction control that, according to the state of
the road surface, can implement stable traveling while still ensuring the required drive force.

[Modification of embodiments]

[0136] The present invention is not to be considered as being limited to the embodiment described above; changes
of various types may be incorporated therein.

[0137] For example, in the embodiment described above, the friction coefficient estimation part 930 and the slip ratio
estimation part 940 were externally arranged to the traction control device 300. By contrast, it would also be acceptable
to arrange for the traction control device to include the friction coefficient estimation part and the slip ratio estimation part.
[0138] Furthermore, in the explanation of the embodiment described above, it was arranged for the friction coefficient
estimation part 930 to estimate the normal force N acting upon the driving wheel WH on the basis of the result detected
by a load sensor. By contrast, if the weight M of the moving body MV and the position of its barycenter are already
known, it would also be acceptable to arrange to estimate the normal force N not by using any load sensor, but rather
by appropriately employing the results of detection by an acceleration sensor, by an angular velocity sensor, and by a
gyro sensor mounted to the moving body MV.

[0139] Moreover, in the explanation of the embodiment described above, an example was shown of a technique for,
during estimation of the speed v by the slip ratio estimation part 940, integrating with respect to time the result of detection
by the acceleration sensor. By contrast, for example, it would also be acceptable to arrange to estimate the speed v by
photographing a region of the road surface that is in a predetermined positional relationship with the moving body MV,
and by analyzing the change over time of the result of this photography.

[0140] Furthermore, in the embodiment described above, according to Equation (21) given above, the calculation of
the gain coefficient ‘k’ was performed on the basis of the ratio between the slip ratio A and the friction coefficient . By
contrast, it would also be acceptable to arrange for the gain coefficient to be calculated on the basis of the following
Equation (22), where the value of the constant ‘c’ is zero or greater:

k=b-(Mp) +c ... (22)

[0141] By adding the constant ’c’ as in this Equation (22), it is possible to add an amount of a constant magnitude to
the gain coefficient 'k’ that is adaptively calculated. Thereby, it is possible to soften changes of the gain coefficient when
the slip ratio A or the friction coefficient . is close to zero, so that there is the beneficial effect of preventing excessive
reaction to changes of the state of the road surface. An appropriate value for this constant 'c’ may be determined in
advance by experiment or by simulation. Note that Equation (21) represents the case when, in Equation (22), the value
of the constant 'c’ is zero.

[0142] Moreover, in the embodiment described above, the gain coefficient 'k’ was calculated on the basis of the ratio
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between the slip ratio A and the friction coefficient w. By contrast, it would also be acceptable to arrange for the gain
coefficient 'k’ to be calculated according to the following Equation (23) on the basis of a coefficient ‘d’ and the friction
coefficient ., without any reference to the slip ratio A:

k=d/p ... (23)

[0143] Since the slip ratio influences the gain, this can also be considered as adaptation already having been made
to the slip ratio, in Equation (18) given above. Due to this, even though according to Equation (23) the gain coefficient
'k’ is calculated by only utilizing the friction coefficient w that does not appear in Equation (18), still the gain in Equation
(18) is set to a value that is adapted both to the slip ratio A and to the friction coefficient . Since, in this case, there is
no necessity to estimate the slip ratio in real time during traction control, accordingly it is possible to omit the sensor for
detecting the speed v, and also to omit the resources for calculating the speed on the basis of the result of detection by
that sensor. Note that an appropriate value for the coefficient 'd’ may be determined by simulation or by experiment.
[0144] Furthermore, it would also be acceptable to calculate the gain coefficient 'k’ using a coefficient ‘e’, according
to the following Equation (24),:

k=d/p+e-h ... (24)

[0145] While the slip ratio A can be calculated, if the accuracy of the slip ratio that is calculated is low, by reducing the
value of the coefficient ‘e’, it is possible relatively to lower the degree of adaptation to the slip ratio A. An appropriate
value for this coefficient 'e’ may be determined in advance by experiment or by simulation. Note that Equation (23)
represents the case when, in Equation (24), the value of the efficient ’e’ is zero.

[0146] Moreover, in the embodiment described above, the value of the coefficient 'b’ depended upon the slip ratio A
and the friction coefficient .. By contrast, it would also be acceptable to arrange to construct a table for determining the
gain coefficient ‘k’ according to the slip ratio A and the friction coefficient . In this case, it would also be possible to
determine the gain coefficient ‘k’ by performing weighting or the like with the slip ratio A and the friction coefficient ., so
that, in stable regions and unstable regions like those of Figs.3 and 4, it would be possible to change the amount of
adaptation according to the state of the road surface in a simple and easy manner.

[0147] Note that an example of the contents of a table for determining the gain coefficient 'k’ according to the slip ratio
A and the friction coefficient . is shown in Fig.12. Here, in Fig.12(A), an example is shown in which, the more the slip
ration A increases, the greater is the rate of increase of the gain coefficient ’k’. Moreover, in Fig.12(B), an example is
shown in which, at the boundary between the stable region and the unstable region in Figs.3 and 4, the rate of increase
of the gain coefficient 'k’ increases along with increase of the slip ratio A.

[0148] Moreover, if the only objective is to ensure the stability, then, instead of employing Equation (20), it would be
possible to set the time constant t so as to satisfy the following Equation (25):

t=a*k ... (25)

[0149] While the control band becomes narrow if the time constant t satisfies the condition of this Equation (25), on
the other hand the stability becomes higher, since both the gain margin and the phase margin become large. Accordingly,
on the assumption that the road surface is frozen and is in a slippery state, it is also possible to estimate the maximum
value of the gain coefficient 'k’ from Equations (21) through (24) that are used for obtaining the value of the gain coefficient
‘k’, or from a table like that shown in Fig.12, and to set a time constant t that is calculated by multiplying this maximum
value by the coefficient 'a’ as a fixed value. If the value of the gain coefficient ’k’ obtained adaptively during traveling is
small, then, since the time constant t calculated from the maximum value of the gain coefficient 'k’ is used, accordingly
the control band becomes narrow, although there is no problem with stability. However since, when the value of the gain
coefficient is small, the state upon a dry road surface is one of very little slip, accordingly no particular problem arises,
even though the control band for suppression of slip is low. In other words, it is also possible to set to a fixed value the
value of the time constant t that is calculated by estimating the maximum value that the adaptively generated gain
coefficient 'k’ can assume.

EXAMPLES

[0150] Next, an example of the present invention will be explained with principal reference to Figs.13 through 17. Note
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that, in the following explanation, the same reference symbols will be appended to elements that are the same as or
equivalentto elementsincludedin the embodiment described above, and duplicated explanation will, as much as possible,
be omitted.

[Configuration]

[0151] The configuration of a traction control device 100 according to an example is schematically shown in Fig.13.
As shown in this Fig.13, the traction control device 100 is arranged within a vehicle CR, which serves as a moving body
MV. Note that the vehicle CR has four driving wheels: a left side front driving wheel WH , a right side front driving wheel
WHER, a left side rear driving wheel WHg, and a right side rear driving wheel WHRgg.

[0152] A torque instruction value generation part 910, rotational speed sensors 920j (=FL, FR, RL, RR), inverters 950j,
motors 960j, load sensors 970j, current sensors 975j, an acceleration sensor 980, and sensors 990 of various types are
mounted to the vehicle CR. Here, the rotational speed sensors 920j, the inverters 950j, the motors 960j, the load sensors
970j, and the current sensors 975J- are installed to correspond to the driving wheels WHJ-.

[0153] The torque instruction value generation part 910 generates torque instruction values T*myj corresponding to
each of the driving wheels WH; on the basis of the results of detection by an accelerator opening amount sensor, a
braking amount sensor, an angular velocity sensor, and so on that are included in the sensors 990 of various types. The
torque instruction values T*m,j that are generated in this manner are sent to the traction control device 100.

[0154] Each of the rotational speed sensors 920J- described above detects the rotational speed o of the corresponding
driving wheel WH;. The rotational speeds o; that have been detected in this manner are sent to the traction control device
100.

[0155] Each of the inverters 950; described above receives a torque generation signal corresponding to its torque
command value T, m, sent from the tractlon control device 100. And each of the inverters 950 generates a motor drive
signal according to that corresponding torque generation signal, and sends this motor drive S|gnal that it has generated
to its corresponding motor 960;.

[0156] Each of the motors 960; described above receives the motor drive signal sent from the corresponding one of
the inverters. And each of the motors 960j performs motor rotational motion on the basis of that motor drive signal, and
thereby causes its driving wheel WH; to rotate.

[0157] Each of the load sensors 970J- described above detects the load acting upon the corresponding driving wheel
WHJ-, in other words the corresponding normal force NJ-. The normal forces NJ- detected in this manner are sent to the
traction control device 100.

[0158] Each of the current sensors 975; described above detects the current |; flowing to the motor that drives the
corresponding driving wheel WH;. The currents |; detected in this manner are sent to the traction control device 100.
[0159] The acceleration sensor 980 described above detects the acceleration o of the vehicle CR. The acceleration
o that has been detected in this manner is sent to the traction control device 100.

[0160] Next, the configuration of this traction control device 100 will be explained. As shown in Fig. 13, the traction
control device 100 comprises a control unit 110 and a storage unit 120. And the torque instruction value generation part
910, the rotational speed sensors 920j, the load sensors 970j, the current sensors 975j, and the acceleration sensor 980
are connected to the control unit 110.

[0161] The control unit 110 comprises a central processing device (CPU) and a DSP (Digital Signal Processor). By
executing a program, this control unit 110 performs the functions in the embodiment described above of the acquisition
part 310, the torque command value calculation part 320, the estimated torque value calculation part 330, the inverse
torque value calculation part 340, the subtraction part 350, the filter part 360, the gain multiplication part 370, the
parameter calculation part 390, and the friction coefficient estimation part 930 and slip ratio estimation part 940.
[0162] The program executed by the control unit 110 is stored in the storage unit 120, and is loaded from the storage
unit 120 and executed. It would be acceptable to arrange for this program to be acquired in the format of being recorded
upon a transportable recording medium such as a CD-ROM, a DVD, or the like; or, alternatively, it would also be
acceptable to arrange for this program to be acquired in the format of being distributed via a network such as the internet
or the like.

[0163] Note that the processing performed by the control unit 110 will be described hereinafter.

[0164] The storage unit 120 stores information and data of various kinds used by the control unit 110, such as the
program described above and so on. This information and data includes dead times Lj corresponding to the driven
wheels WHJ the time constants i of the torque responses of the motors 960J- corresponding to the driving wheels WHJ-,
the moments of inertia J,, of the driving wheels WH the distributed masses MJ- to the driving wheels WHJ-, the radiuses
r; of the driving wheels WH and coefficients a; and b; corresponding to the driving wheels WH;. It is arranged for the
control unit 110 to be able to access this storage unit 120.

[0165] In this example, the distributed masses M; is ascertained on the basis of the results of detection by each of the
corresponding load sensors 97OJ- when the vehicle CR is stopped in a horizontal state, and it is arranged for this distributed
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masses Mj that has thus been ascertained to be stored in the storage unit 120. Moreover, it is arranged for the dead
times LJ- corresponding to the driven wheels WHJ-, the time constants T of the torque responses of the motors 960j
corresponding to the driving wheels WH;, the moments of inertia J,, ; of the driving wheels WH;, and the radiuses r; of
the driving wheels WH; and the coefficients a; and b; to be obtained on the basis of the previously known specification
of the vehicle CR, and to be stored in the storage unit 120.

[0166] Note that if any of the dead times LJ- corresponding to the driven wheels WHJ-, the time constants T4 of the
torque responses of the motors 960j corresponding to the driving wheels WHJ-, the moments of inertia JWJ of the driving
wheels WH;, and the radiuses r; of the driving wheels WH; cannot be obtained on the basis of the previously known
specification of the vehicle CR, then it would be acceptable to arrange for that parameter to be obtained by actual
measurement.

[Operation]

[0167] Next, the operation for traction control performed by the traction control device 100 having a configuration like
that described above will be explained, with attention being principally directed to the processing by the control unit 110.
[0168] Note that it will be supposed that the torque instruction values T*myj that have been generated are sequentially
sent from the torque instruction value generation part 910 to the traction control device 100. Moreover, it will be supposed
that the rotational speeds O] that have been detected are sequentially sent from the rotational speed sensors 920j to the
traction control device 100. Furthermore, it will be supposed that the normal forces NJ- that have been detected are
sequentially sent from the load sensors 97OJ- to the traction control device 100. Even further, it will be supposed that the
current values [; that have been detected are sequentially sent from the current sensors 975; to the traction control device
100. And it will be supposed that the acceleration o that has been detected is sequentially sent from the acceleration
sensor 980 to the traction control device 100.

[0169] Moreover, it will be supposed that the dead times LJ- corresponding to the driven wheels WHJ-, the time constants
1 of the torque responses of the motors 960J- corresponding to the driving wheels WHJ-, the moments of inertia JWJ of
the driving wheels WH;, the distributed masses M,; to the driving wheels WH;, and the radiuses r; of the driving wheels
WH; and their coefficients a; and b; are already stored in the storage unit 120.

[0170] During the processing for traction control, as shown in Fig. 14, first in step S11 the control unit 110 makes a
decision as to whether or not the vehicle CR is traveling. This decision may be performed by making a decision as to
whether or not the rotational speeds o; of all of the driving wheels WHJ- are "0", or by making a decision as to whether
or not the integrated value with respect to time of the acceleration o is "0". If the result of the decision in this step S11
is negative (S11: N), then the processing of this step S11 is repeated.

[0171] But if the result of the decision in this step S11 is affirmative (S11:Y), then the flow of control proceeds to step
S12. In this step S12, the control unit 110 acquires the rotational speeds o}, the normal forces NJ-, the current values IJ-,
and the acceleration o at this time point.

[0172] Next in step S13 the control unit 110 estimates the friction coefficients M and the slip ratios A During this
estimation of the friction coefficients s first, according to the drive force observer function described above, the control
unit 110 estimates the drive forces dej upon the driving wheels on the basis of their rotational speeds o] and the actual
torque values T, calculated from the current values ;. And, on the basis of the drive forces Fg; and the normal forces
N;, the control unit 110 estimates the friction coefficients p; by using Equation (10) given above.

[0173] Moreover, when estimating the slip ratios xj, first, the control unit 110 estimates the speed v of the vehicle CR
by performing integration with respect to time of the acceleration o.. And, on the basis of the estimated speed v and the
rotational speeds wj, the control unit 110 estimates the slip ratios ; by using Equation (11) given above.

[0174] Next, in step S 14, the control unit 110 calculates the gain coefficients k; and the time constants 7; on the basis
of the friction coefficients iy and the slip ratios xj that have been estimated, and on the basis of the coefficients aj and
b; in the storage unit 120. During this calculation of the gain coefficients k; and the time constants t;, first, on the basis
of the friction coefficients Mo the slip ratios xj and the coefficients bj, the control unit 110 calculates the gain coefficients
kj using Equation (21) given above. And, using Equation (20) given above, the control unit 110 calculates the time
constants t; on the basis of the gain coefficients k; that have been calculated and the coefficients a.

[0175] Next in step S15 the control unit 110 acquires the torque instruction values T*myj at this time point. And in step
S16 the control unit 110 performs processing for model following control.

[0176] During this processing for model following control, on the basis of the torque instruction values T*myj that have
been acquired and the correction amounts Tb,j at this time point, the control unit 110 calculates torque command values
Tm,j by using Equation (2) given above, and sends torque generation signals corresponding to the torque command
values Tmyj that have thus been calculated to the inverters 950j. As a result, the inverters 950J- generate motor drive
signals according to these torque generation signals, and send these motor drive signals that have thus been generated
to the motors 960;. And the motors 960; perform rotational motion on the basis of these motor drive signals, and thereby
cause the driving wheels WH; to rotate.
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[0177] Having calculated the torque command values Tm,j as described above, the control unit 110 performs torque
value estimation by calculating estimated torque values T, ; using Equation (3) given above on the basis of these torque
command values Ty, ;. Almost simultaneously with this calculation of the estimated torque values T, the control unit
110 calculates inverse torque values Tnyj corresponding to the rotational speeds o; according to an adhesion model in
which no slip takes place, using Equation (4) given above.

[0178] Next, using Equation (5) given above, the control unit 110 calculates the differential torque values Th,j by
subtracting the estimated torque values Te,j from the inverse torque values Tn,j- And, subsequently, the control unit 110
calculates the torque values after filtering T ; by applying a first-order delay with time constant t using Equation (6) given
above. Then the control unit calculates the correction amounts T, ; by multiplying the torque values after filtering Ty; by
the gain coefficients k;.

[0179] When the new correction amounts Tb,j have been calculated in this manner, the processing of step S16 termi-
nates, and the flow of control returns to step S11. And subsequently traction control for the driving wheels WHJ- is
performed by the processing of steps S11 through S16 being repeated.

[0180] Examples of simulation results for traction control by the traction control device 100 performed as described
above are shown in Fig.15. Note that, in Fig.15, cases in which the gain coefficients k; and the time constants 1; are fixed
are shown.

[0181] As will be understood from these simulation results, by comparison with the case in which the gain coefficients
kj and the time constants Tjare fixed, when the gain coefficients kj and the time constants Tjare generated in an adaptive
manner according to the state of the road surface as in this example; it is possible to obtain compatible performance for
suppression of slip upon a frozen road surface and for prevention of unnecessary reduction of torque upon a dry road
surface. Moreover, unstable operation to the extent that can become a problem due to change of the state of the road
surface does not occur. In other words the fact has been confirmed by simulation that adaptive generation of the gain
coefficients kj and of the time constants Tj according to the state of the road surface can be said to be effective, from the
standpoints of compatibility of slip suppression performance and also of prevention of unnecessary decrease of torque.
[0182] Moreover, using a vehicle of compact type, experiments were performed for a case in which the gain coefficients
kj and the time constants T, were fixed, and for a case in which the gain coefficients kj and the time constants T, were
generated adaptively according to the state of the road surface, as in this example. The results of these experiments
are shown in Fig.16 and Fig.17. Here, in Fig.16, experimental examples are shown for the case in which the road surface
is slippery. Moreover, in Fig.17, experimental examples are shown for the case in which the road surface is not slippery.
[0183] While, in the case shown in Fig.16 in which the road surface was slippery, increase of the wheel rotational
speed was suppressed with a low fixed gain during the interval of 0.1 to 0.6 [sec] directly after starting off from rest, in
the case in which the gain coefficients k; and the time constants t; were generated in an adaptive manner as in this
example, increase of the wheel rotational speed was suppressed in a similar manner to the case of high fixed gain. Note
that while, in Fig.16 described above, it is difficult to see the differences in the slip ratios xj between the three types of
case for which experiments were performed, since the vehicle body speed was low, nevertheless, in each of these
cases, it is seen that a beneficial effect for suppression of slip was obtained.

[0184] On the other hand, in the case shown in Fig.17 in which the road surface was not slippery, with a high fixed
gain, increase of the wheel rotational speed was suppressed during the interval of 0.1 to 0.5 [sec] directly after starting
off from rest. And, during the interval of 0.3 to 0.8 [sec] directly after starting off from rest, the increase in the vehicle
body speed was small. In other words it may be said that, with a high fixed gain, unnecessary suppression of the wheel
rotation speed was taking place. However, when the gain coefficients kj and the time constants T were generated in an
adaptive manner as in this example, sufficient acceleration was obtained in a similar manner to the case of a low fixed
gain, since the wheel rotational speed was not suppressed unnecessarily.

[0185] As aresult, in a similar manner to the case for the simulation results shown in Fig. 15, by generating the gain
coefficients kj and the time constants Tj in an adaptive manner as in this example, it was confirmed that satisfactory
results were obtained in terms of enhancement of the performance for suppression of slip in conditions of easy slip, and
in terms of the absence of unnecessary reduction of torque in conditions in which slip could not occur easily.

[0186] As has been explained above, in this example, the control unit 110 calculates the adaptive gain coefficients kj
according to the state of the road surface over which the vehicle is traveling on the basis of the coefficients by, for which
appropriate values are determined according to the friction coefficients iy and the slip ratios A for the road surfaces over
which the driving wheels WH; are passing, the moments of inertia Jy ; of the driving wheels WH;, the distributed masses
M to the driving wheels WH;, and the radiuses r; of the driving wheels WH;. The control unit 110 subsequently calculates
adaptive time constants Tj that are capable of ensuring stability of the traction control, on the basis of the coefficients 3
that are determined according to the moments of inertia JWJ of the driving wheels WHJ- of the vehicle CR, the distributed
masses MJ- to the driving wheels WHJ-, the radiuses ri of the driving wheels WHJ-, the dead times LJ-, and the time constants
T of the torque responses of the motors 960j, and on the basis of the gain coefficients kj. And, in a state in which these
gain coefficients k; that have thus been calculated have been set and also these time constants ; that have thus been
calculated have been set, model following control is performed by taking, as the reference model, an adhesion model
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in which slip of the driving wheels WHJ- does not take place.

[0187] Thus, according to this example, along with it being possible to enhance the performance for suppression of
slip while maintaining the control stability, it is also possible to perform traction control that, according to the state of the
road surface, can implement stable traveling while still ensuring the required drive force.

[Modification of the example]

[0188] The present invention is not to be considered as being limited to the example described above; changes of
various sorts can be made therein.

[0189] For example, with the example described above, the present invention was applied to a moving body that was
a vehicle CR having four driving wheels that could be driven independently. By contrast, it would also be acceptable to
apply the present invention for performing traction control in the case of a moving body having one or more driving
wheels. Note that, if the moving body has a plurality of driving wheels, then it is possible to apply the present invention
for performing traction control, irrespective of whether or not each of the driving wheels can be driven independently.
[0190] Moreover, for the example described above, it is also possible to implement appropriate variations that are
similar to those for the embodiment described above.

[0191] That is to say, in the example described above, it is arranged to estimate the normal force N operating upon
the driving wheel on the basis of the result of detection by a load sensor. By contrast, if the weight M of the vehicle and
the position of its barycenter are already known, it would also be acceptable to arrange not to employ any load sensor,
but to estimate the normal force N while appropriately employing the results of detection from an acceleration sensor,
from an angular velocity sensor, and from a gyro sensor that are mounted to the vehicle.

[0192] Moreover, in the example described above, it was arranged to estimate the vehicle speed v by integrating with
respect to time the result of detection by the acceleration sensor. By contrast it would also be acceptable, for example,
to arrange to estimate the vehicle speed v by photographing a region upon the road surface that is in a predetermined
positional relationship with the vehicle, and by analyzing changes of the result of this photography over time. Moreover,
since the slip ratio of a non-driving wheel is almost zero except during braking, accordingly it would also be possible to
arrange to estimate the vehicle speed v by detecting the rotational speed of a non-driving wheel.

[0193] Furthermore, in the example described above, it was arranged to calculate the gain coefficients k; on the basis
of the ratios between the slip ratios A and the friction coefficients M) using Equation (21) given above. By contrast, it
would also be acceptable to arrange to calculate the gain coefficients kj according to Equations (22) through (24) given
above.

[0194] Yet further, in the example described above, the coefficients bJ- had values that depended upon the slip ratios
A;and upon the friction coefficients ;. By contrast, it would also be acceptable to arrange to create a table for determination
of the gain coefficients k; according to the slip ratios %; and the friction coefficients w;.

[0195] Furthermore, while each of the current sensors 975j in Fig. 13 detects the current IJ- that flows to the corresponding
motor 960j, since this detected current IJ- is the current for actually driving the motor, accordingly it is possible to obtain
the actual torque values T, ; by multiplying these current values by torque constants Ky ;. Since, as will be understood
from Fig.1 given above and from the description corresponding to Fig.1, these actual torque values T, ; are equal to the
estimated torque values TeJ, accordingly it would also be acceptable to arrange to perform the torque value estimation
by calculating the estimated torque values T ; from the equation T, ;=K;; * I;, instead of from Equation (3).

[0196] Moreover, when the estimated torque values T, obtained by the method described above and the signals for
the torque command values T, jare compared upon the t|me axis, then it becomes possible to calculate the dead time
L according to the delay from the torque command values Tp,; to the estimated torque values T, ;. Moreover, it also
becomes possible to calculate the torque response time constants T according to the rise characteristics of the estimated
torque values TeJ when the torque command values TmJ are supplied stepwise.

[0197] Furthermore, as mentioned in connection with the embodiment described above, if the objective is only to
ensure stability, then it will be sufficient to set the time constants 780 as to satisfy Equation (25) above.

Claims

1. A traction control device that performs traction control for a moving body having a driving wheel which is driven by
a motor, comprising:

an acquisition part configured to acquire a torque instruction value for said driving wheel, the rotational speed
of said driving wheel, and friction coefficient information for the road surface upon which said driving wheel runs;
a torque command value calculation part configured to calculate the torque command value to be outputted to
the motor for driving said driving wheel, on the basis of said acquired torque instruction value and a correction
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amount;

an estimated torque value calculation part configured to calculate an estimated value of torque operating upon
said driving wheel, on the basis of said calculated torque command value and a model for torque transmission
to said driving wheel;

an inverse torque value calculation part configured to calculate a torque value corresponding to said acquired
rotational speed, according to a reference model in which no slip of said driving wheel takes place;

a filter part configured to apply a first-order delay to the difference between the result of calculation by said
estimated torque value calculation part and the result of calculation by said inverse torque value calculation
part; and

a gain multiplication part configured to feed back, to said torque command value calculation part, as said
correction amount, the result obtained by multiplying said difference to which said first-order delay has been
applied by a gain coefficient; wherein

said gain coefficient takes a value which is adaptively set by using said acquired friction coefficient information;
and

the time constant of said filter part takes a value which is adaptively set by utilizing said acquired friction coefficient
information, or a value which is determined on the basis of the estimated value of the maximum value taken by
said gain coefficient.

A traction control device according to Claim 1, wherein

a dead time and a motor torque response time are included in said torque transfer model; and

said traction control device further comprises a time constant setting part configured to set said time constant to a
value that, while corresponding to said gain coefficient, is effective for ensuring width of the control band, depending
on said dead time, said motor torque response time period, the weight of said moving body, and the moment of
inertia and the radius of said driving wheel.

A traction control device according to Claim 2, wherein said time constant setting part calculates said time constant
1 from said gain coefficient 'k’ according to Equation (I) below, on the basis of a constant 'a’ that is determined in
advance to correspond to said dead time, said motor torque response time period, the weight of said moving body,
and the moment of inertia and the radius of said driving wheel.

A traction control device according to any one of Claims 1 through 3, further comprising a gain coefficient setting
part configured to set said gain coefficient by utilizing said acquired friction coefficient information, according to the
weight of said moving body and the moment of inertia and the radius of said driving wheel.

A traction control device according to Claim 4, wherein:

said acquisition part further acquires slip ratio information for said driving wheel; and

said gain coefficient setting part calculates said gain coefficient 'k’ according to Equation (Il) below, on the basis
of a constant 'd’ that is determined in advance to correspond to the weight of said moving body and the moment
of inertia and the radius of said driving wheel, a constant ’e’ that is determined in advance, a friction coefficient
w corresponding to said friction coefficient information that has been acquired, and a slip ratio A corresponding
to said slip ratio information that has been acquired.

k =d/p+en ... (I1)

A traction control device according to Claim 4, wherein

said acquisition part further acquires slip ratio information for said driving wheel; and

said gain coefficient setting part calculates said gain coefficient 'k’ according to Equation (Ill) below, on the basis of
a constant 'b’ that is determined in advance to correspond to the weight of said moving body and the moment of
inertia and the radius of said driving wheel, a constant 'c’ that is determined in advance, a friction coefficient p
corresponding to said friction coefficient information that has been acquired, and a slip ratio A corresponding to said
slip ratio information that has been acquired.
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k=b-(\p) +c ... (IIT)

7. A traction control device that performs traction control for a moving body having a driving wheel which is driven by
a motor, comprising:

an acquisition part configured to acquire a torque instruction value for said driving wheel, the rotational speed
of said driving wheel, and an actual torque value that drives said motor;

a torque command value calculation part configured to calculate the torque command value to be outputted to
the motor for driving said driving wheel, on the basis of said acquired torque instruction value and a correction
amount;

a filter part configured to apply a first-order delay to a value calculated on the basis of said calculated torque
command value and said acquired rotational speed; and

again multiplication part configured to feed back to said torque command value calculation part, as said correction
amount, the result obtained by multiplying the value to which said first-order delay has been applied by a gain
coefficient; and wherein

said gain coefficient takes a value which is adaptively set on the basis of said acquired rotational speed and
said acquired actual torque value; and

the time constant of said filter part takes a value which is adaptively set on the basis of said acquired rotational
speed and said acquired actual torque value, or a value which is determined on the basis of the estimated value
of the maximum value taken by said gain coefficient.

8. A traction control method that performs traction control for a moving body having a driving wheel which is driven by
a motor, comprising the steps of:

an acquisition step of acquiring a torque instruction value for said driving wheel, the rotational speed of said
driving wheel, and friction coefficient information for the road surface upon which said driving wheel runs;

a torque command value calculation step of, on the basis of said acquired torque instruction value and a
correction amount at the present time point, calculating a torque command value to be outputted to the motor
for driving said driving wheel;

an estimated torque value calculation step of, on the basis of said calculated torque command value and a
model for torque transmission to said driving wheel, calculating an estimated value of torque operating upon
said driving wheel;

an inverse torque value calculation step of calculating a torque value corresponding to said acquired rotational
speed, according to a reference model in which no slip of said driving wheel takes place;

a first-order delay application process of applying a first-order delay to the difference between the result of
calculation in said estimated torque value calculation step and the result of calculation in said inverse torque
value calculation step with a time constant which has either a value which is adaptively set by utilizing said
acquired friction coefficient information, or a value which is determined on the basis of the estimated value of
the maximum value taken by said gain coefficient which is adaptively set by utilizing said acquired friction
coefficient information; and

a correction amount updating step of taking the result obtained by multiplying said difference to which said first-
order delay has been applied by said gain coefficient, as a new correction amount; and wherein

said acquisition step, said torque command value calculation step of taking said new correction amount as the
correction amount at said present time point, said estimated torque value calculation step, said inverse torque
value calculation step, said first-order delay application step, and said correction amount updating step are
repeated.

9. A traction control program, wherein it causes a calculation part to execute a traction control method according to
Claim 8.

10. A recording medium, wherein a traction control program according to Claim 9 is recorded thereupon in a form that
can be read in by a calculation part.

22



EP 2 853 438 A1

Fig.1

walsAg jo4uo)

\m BUIMO[I0 [9POIN > (rse)i=(o
00/
|
— ||||||||||||||||
"
(s),."d ; (L+s-h)7L e
| m._.\_
|
| oﬁ\\ oL NE\\ (510
| o, |-
L
e
! T T
| |
M «—e—— (s)d < ; (L+s-h)/L e

23



EP 2 853 438 A1

Fig. 2

Fig.3

Friction Coefficient u

Stable }4 Unstable -
08 | —
06 § Dry
g —-— Wet
04 B ///‘:;”‘_..N—*\“\\\_\__\_§“~~ T Frozen
02 v/ T
L — —
0 = : - : : “—=> Slip Ratio A
0 0.2 04 0.6 0.8 1.0
Fig.4
Friction Coefficient u
Unstable Stable
Dry
——-— Wet
i ———- Frozen
Slip Ratio A

24



EP 2 853 438 A1

[oas] swi )
oL 8 9 ¥ ¢ 0

[wN] ¥1L enbiot

[oas] swiL
oL 8 9 ¥ ¢ 0

0

S0
L

/
A JusioIya0) UondL 4
[oos] swli]

0 8 8 v 0

{ G0
L
y oney dijs

[08s] 0'v=12 ‘0G=X

(D)

[oas] swiL
0 8 9 v T 0,
00¢
00y
[wN] ¥l enbioy

[oos] awi}
0 8 9 v ¢ 0
S0

L
rl jusioa0) ool
[oas] swit

o. 8 9 ¥ ¢ O
< : . : : 0

G0
|
v oney dis

[0os] 0'¥=1 ‘0C=A

(@

S E

[oas] awilL

0 8 9 v Z 0,
00¢
00y

[wN] w1 enbiol

[oas] swit

o 8 o v 2 0
G0
L

rl JusIoiy80D Uoldli4

[oos] swi}

0 8 9 v T 0
G0
i

y onjey diis
[08s] 0'p=1 ‘0L =X

(v)

25



EP 2 853 438 A1

[oas] swi L

0L 8 9 ¥

§ 00C
0]0] 4
[wN] ™1 anbio}
[oas] swiL
oL 8 ¢ 0
O 8.9 ¥ 0
G0
i
rl JusIoIa0) uonol4
[oas] awi |
0 8 9 ¥ T 0
G0
L
y oney diis

[08s] 0" L=2 ‘OL=X

(D)

[0as] swi}
oL 8 9 ¢ 0
b 8 9 v ¢ L
002
00vy
[wN] ¥ enbiog
[oas] swiL
oL 8 9 ¥ ¢ O
< — ; ; i 10
G0
2
rl jusiowe0) UonoL4
[oas] swi}
oL 8 9 v ¢ O
< . . . 0
G0
L
y oey diis
[08s] 0'z=2 ‘OL=X

(@

9014

[oos] i}

Q8 9 ¥ T 0,
00¢
00y

[wN] ¥ 1 enbio}

[oas] swit

o 8 9 v T 0
G0
2

rl jualo180) uolou

[oos] awi}

oL. 8 9 Vv ¢ o_o

y oney dis

[0o9s] 0'p=2

‘01

!

(V)

26



EP 2 853 438 A1

[0os/pel] Aouanbai Jeinbuy
0L L0 0l

Ob 0L L0l

106

[Bap] aseyd

[0es/pel] Aouanbal Jejnbuy

Q0oL 0L 0l

Ol 0L L0l

c : : _ _ 09
ov-
0c-

10
o] 0T
=]
oOpy=2 - --— - \ oy
0g=t - [gp] uleo
g0=t -----
¥'0=2
(poxid) 0L =)

(a)

INJE

[oas/pel] Aouanbal Jejnbuy
0oL 0L 0L 0L 0l 20l
= _ ' _ _ 1 081~

06
08l

[Bap] eseyd

[0as/pel] Aouanbal Jeinbuy
0L 0F 0 0k O 0}

, . _ _ ; 09-
ot~
0c¢-
0
0¢

(paxi4) [08s] y'0=2

ov
[ap] ules

-—
U
x

U
x

Ty
X X

(V)

27



Gain [dB]

40 .- . . _ _

o) b

EP 2 853 438 A1

Fig.8

k=1, 1=0.4 [sec]
______ k=2, 1=0.8 [sec]
........... k=5, 1=2.0[sec]
- ———= k=10, 1=4.0 [sec]

L 1 i i I

107 10"

Phase [deg]
180

0 r

10° 10’ 102 107

Angular Frequency [rad/sec]

1 ] ! ]

10° 10" 102 107

Angular Frequency [rad/sec]

28



EP 2 853 438 A1

[0as] ‘2 JuejsuoD awl |
0L0 800 900 00 ¢00 000
00

0e00 ———

[o8s] 7 awi) pesd

¥0

80

¢l

9l

4 0%

e JUBIoI80)

6014

29



EP 2 853 438 A1

ov m @ v N o ov
[oas] awi] < - [oas] Bwi] <

J

ol 8 9 1% [ 0 0l
[0os] Wy} < . . — : [0as] awi) <—

0oy

rl Juaiolye0) uonou

o, 8 9 ¥ ¢ O Ol

{G°0
i

rl JuaI01)y90) UoNsL 4

RESETT . [oos] awil| <—

[0os] o'p=2 ‘OL=4 ----------
[oes] p'0=2 ‘L= —— y uoney dis

201ing peoy AQ

[08s] 0'p=1 ‘OL=Y
[oss] #0=2 ‘L=Y

901JINS pEOY USZ0I

y oney dijs

R TR

(W)

30



EP 2 853 438 A1

| . L
| yed v |V
| 0ss uonejndeD T
_ Jajoweled _ m
| N T A AN I
| o) 06¢ | !
Hed | "
| ($)4) uoneandniny T |
| Hed 194 i ules 1 Hed obelo)g //_/ ! m
| . 08c | Med | .
! \_\ ovE N ((s),°d) uonisinboy | | |
| 09¢ n Jied UoienoeD ™ | o
| " anjep _ :
_ L anblio| aslanu] __ m

| Jed !
I | uopoengn !
| oesgns 5 ((s)o) w) | Wed uonemnded |w m wo ot
| Hed UORBINJIED | o~ | gnjep puewwo) _ “
" om\m\ anjeA anbio] anbio| _
ojews _

_ \\c Jewns3 7 7 _

| 90IA8Q [0AUOD UOORIL e oe oic |

|

"0

Japanuy|

-

|

Hed uonewns3
ojey dis i ™.
....................... | 0v6

ed uonewns3 |
ITETTITET o AN
ol1ou P
c“n_ ....... 1 0€6
JOSuasg L
peads |euoneloy | v
....................... ! 0z6
Led uojessuss |
anjeA uonanisul
anbio| N
....................... : o6
1010
....................... ‘096

31



EP 2 853 438 A1
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